Long-term selection was conducted for high (HWS) and low (LWS) BW at 8 wk of age (BW8) in chickens for 54 generations. The phenotypic response (increasing BW over time in line HWS and decreasing BW over time in line LWS) indicates a continual source of additive and nonadditive genetic variation in these selected lines over 54 generations (Jacobsson et al., 2005; Le Rouzic et al., 2007; Pettersson et al., 2011) . Since the beginning of this selection experiment, views on the roles of additive and nonadditive genetic variation for quantitative traits have evolved to include theories concerning gene networks and genetic and physiological plateaus. The lines reported in this paper are well documented both for correlated responses (e.g., Dunnington and Siegel, 1996) and genetic structures (Marquez et al., 2010) . Here we report on phenotypic responses for the selected trait (BW8) and an unselected, correlated trait (BW at 4 wk of age, BW4) in the selected lines and in lines where selection was relaxed, and we consider the results from a historical perspective.
INTRODUCTION
Long-term selection was conducted for high (HWS) and low (LWS) BW at 8 wk of age (BW8) in chickens for 54 generations. The phenotypic response (increasing BW over time in line HWS and decreasing BW over time in line LWS) indicates a continual source of additive and nonadditive genetic variation in these selected lines over 54 generations (Jacobsson et al., 2005; Le Rouzic et al., 2007; Pettersson et al., 2011) . Since the beginning of this selection experiment, views on the roles of additive and nonadditive genetic variation for quantitative traits have evolved to include theories concerning gene networks and genetic and physiological plateaus. The lines reported in this paper are well documented both for correlated responses (e.g., Dunnington and Siegel, 1996) and genetic structures (Marquez et al., 2010) . Here we report on phenotypic responses for the selected trait (BW8) and an unselected, correlated trait (BW at 4 wk of age, BW4) in the selected lines and in lines where selection was relaxed, and we consider the results from a historical perspective.
MATERIALS AND METHODS

Experimental Design
Long-term selection was conducted for high or low BW8 in chickens for 54 generations. The foundation stock for this experiment was a cross of 7 inbred lines of White Plymouth Rocks (Siegel, 1962) . From the segregating gene pool of this foundation stock, chickens with heavier BW8 were chosen as parents of line HWS and those with lighter BW8 served as parents of line LWS. Individual selection was then practiced within the respective HWS and LWS lines in all subsequent generations with BW8 as the single criterion of selection. Eight sires and 48 dams were used to produce each selected line through the fourth generation of selection (S 4 ), 12 and 48 from the S 5 through S 25 generation, and 14 and 56 after generation S 25 . These parents were selected from within-line groups of approximately 150 to 250 individuals depending on generation. Pure truncation selection was not used, however, so that overrepresentation of sire and dam families would be avoided. Details on population structure were provided by Marquez et al. (2010) .
Husbandry
To reproduce the selected lines each year, chicks were hatched on the first Tuesday in March and wing-banded for individual identification. An insurance group of eggs was set to hatch 2 wk later in case insufficient numbers of chicks resulted from the first hatch to perpetuate the experiment. Chicks of every generation were reared in identical pens with concrete floors, wood shavings as bedding, and hot air brooding until 8 wk of age. Because of the isolated environment maintained for the entirety of this long-term experiment, the only disease preventions were addition of a coccidiostat to the diet throughout all generations and vaccination for Marek's disease at hatch, which commenced after generation S 17 . Diet formulations were the same throughout the experiment and included 20, 16, and 16% CP and 2,685, 2,761, and 2,772 kcal of ME/kg in the starter (0 to 8 wk), developer (8 to 18 wk), and breeder (>18 wk) rations, respectively. Beginning in generation S 18 , feed intake after 8 wk of age was restricted for line HWS and its relaxed lines because of increasing difficulties with reproduction due to obesity.
Inbreeding
Inbreeding coefficients (F) were calculated for each line in generation 48 of selection (Marquez et al., 2010) . Mean F was 0.30 (SD 0.17) and 0.26 (SD 0.15), maximum F was 0.61 and 0.53, and change in F was 1.6 and 1.3% per generation in HWS and LWS lines, respectively. Effective population size was 32.1 in line HWS and 38.3 in line LWS. The effective number of founders was 15.7 in both lines (Marquez et al., 2010) .
Relaxed Lines
In generations S 6 , S 13, S 19, S 26, S 34, and S 43 random samples of chickens from line HWS and from line LWS were chosen before selection of breeders for the selected lines to establish lines in which selection for BW8 was no longer practiced. Each of these lines (designated HR 1 , HR 2 , HR 3 , HR 4 , HR 5 , and HR 6 for line HWS and LR 1 , LR 2 , LR 3 , LR 4 , LR 5 , and LR 6 for line LWS) was maintained as a contemporary of its corresponding selected line with random selection each generation (Figures 1 and 2 ). The relaxed lines were produced by using pooled semen from all the males within a line to inseminate females in that line. Exactly the same husbandry procedures and environments were employed for the relaxed lines as those practiced in the selected lines. Each relaxed line was maintained for 7 to 11 generations. Each subsequent relaxed line was initiated one generation before the previous relaxed line was discontinued.
Statistical Analyses
Traits Measured, Procedures, and Models. Data for BW4, BW8, and the ratio of BW4 means to BW8 means (ratio 4/8) for the selected lines and their relaxed lines are reported here. Mean BW8 each generation for the selection experiment is provided in Figures  1 and 2 (solid lines). Analyses were conducted as described below, using PROC REG and PROC GLIM-MIX in the SAS Statistical Software 9.2 (SAS Institute Inc., Cary, NC). 1) Selected Lines. Linear and quadratic regressions of means for BW4, BW8, and ratio 4/8 on generation were fit within line and sex. The model for polynomial regression was ŷ = a + b 1 x + b 2 x 2 , where ŷ was the value of the trait and x was the generation. Slopes for the 4 line × sex groups were compared statistically in PROC GLIMMIX with distinct intercepts for males and females. Estimates were similar to the individual regression fits, but not exactly the same due to male and female intercepts.
2) Relaxed Lines. Six groups of relaxed-selection lines (initiated every 6 to 9 yr) were analyzed separately for each line × sex combination (HWS-F, HWS-M, LWS-F, LWS-M) to compare linear slopes of selected versus relaxed lines for mean BW8 using PROC GLIM-MIX. The results provided information on whether relaxation (cessation) of selection at different stages of the selection experiment resulted in regression of the selection criterion toward original (preselection) values. 
RESULTS AND DISCUSSION
Response to Selection-Generation Means
Response to selection for high or low BW in chickens at 8 wk of age for 54 generations was successful as illustrated in Figures 1 and 2 (solid lines). Mean BW8 in the foundation population was 878 g for males and 708 g for females. Mean BW8 for males after 54 generations of selection approached 2,000 g in line HWS and was 173 g in line LWS. Corresponding values for females were 1,380 and 129 g, respectively. Highly significant differences in BW4 and BW8 were evident when comparing HWS females to LWS females and when com- paring HWS males to LWS males, as would be expected by the divergence in the 2 lines over time (Figures 1  and 2 ). These widely divergent responses to selection for a single criterion over such a long-term experiment suggest that genetic variance as well as a network of interacting loci were present for this trait at the beginning of the experiment and continued to be available through 54 generations (Siegel, 1962; Carte and Siegel, 1970; Pettersson et al., 2011 ).
Response to SelectionFrequency Distributions
Another method of evaluating the response to selection in this long-term experiment was to assess frequency distributions over the course of the experiment, demonstrated with data for females ( Figure 3 generations 25 (panel B) and 54 (panel C) indicate 1) dramatic effects of selection over time, 2) approach of LWS chickens toward a selection limit, and 3) one or more possible, beneficial mutations in line HWS. Each of these situations is addressed individually in the paragraphs below.
1) Dramatic Effects of Selection. Panels A and B (Figures 3 and 4) demonstrate that selection for divergent BW8 for 25 generations resulted in selected populations that were completely different from each other and that LWS chickens had essentially no overlap in magnitude of BW8 with the base population. Including the information in panel C (Figures 3 and 4) shows that, by 54 generations of selection, HWS chickens had essentially no overlap in BW8 with the base population. These dramatic changes in BW8 over time are entirely the result of single-trait selection from a common founder population.
2) Selection Limit in LWS. Comparison of line LWS frequency distributions in generations 25 and 54 for both females and males (Figures 3 and 4 , respectively) demonstrate that continued selection over this time did not result in large differences. Understandably, the plateau in selection progress occurred because there is a lower phenotypic limit on how small a chicken can be and still survive and reproduce successfully, an example of opposition between natural and artificial (or deliberate) selection (Dickerson, 1955; Dunnington et al., 1983; Siegel and Dunnington, 1987) . Examining the BW8 data in Figures 1 and 2 , one can see generational intervals during which LWS chickens reached and held plateaus where further reduction in BW8 was arrested for a period. Whether these plateaus were influenced by reduced additive genetic variation, rebalancing of gene networks or periods before the occurrence of mutations that resulted in continued decrease in BW8 is not known. An alternative explanation for the outlier peaks in Figures 3 and 4 is the existence of high variation attributable to mutations, gene × gene interactions, or both. Individuals with exceptionally high BW8 may have had differentially poorer survival and reproductive rates and thus reduced fitness, decreasing ability to pass those genes to succeeding generations. 
Response to SelectionRegression Analyses
Response to selection in this long-term experiment was quantified by regression analyses for each line by sex group for both the criterion of selection and for BW4 (Figures 5, 6, 7, and 8) . For line HWS females and males the response in both BW4 and BW8 has been linear throughout the experiment and has not reached a limit in progress for increased juvenile BW (Figures 5 and 6 ). This evidence is consistent with the continued maintenance of genetic variance and occurrence of beneficial mutations.
Conversely, in line LWS females and males there is a clear quadratic effect in terms of both BW4 and BW8, indicating that chickens in this population have approached a selection limit that is likely physiological in nature (Figures 7 and 8) . Minimum weights for BW8 curves occurred at generation 48 in females and generation 50 in males. Several intervals where selection progress was minimal or nil occurred for LWS females and males (Figures 1 and 2 , respectively).
Ratios of BW4 to BW8
Ratio 4/8 was analyzed to assess the relative developmental growth process in these selected lines (Figure 9 ). The low-weight (LW) lines were significant for both linear and quadratic shapes. The high-weight (HW) lines were not significantly different from zero. There was a significant difference in the (linear) slope of LWS versus HWS females for ratio 4/8. Values for ratio 4/8 were in the range of one-third (that is, BW4 was about onethird the magnitude of BW8, ranging from 0.31 to 0.37) for LWS males and for all HWS chickens. Conversely, BW4 in LWS females was approximately one-third of BW8 in early generations but quickly and progressively increased to approximately 0.44. By generation 25 it was apparent that LWS females often did not eat sufficient amounts of food to survive the neonatal period or consumed enough food to survive but not enough to mature sexually (Zelenka et al., 1988; Dunnington and Siegel, 1997) . In many generations the neonatal mortality rate of LWS females and, to a lesser degree LWS males, was quite high (5 to 20%) and necessitated pro- ducing much larger hatches each generation to ensure that the line could be continued. Generally the LWS female chicks that survived were those with high BW4 relative to BW8, resulting in the increased ratio 4/8 reported here. The opposition between artificial and natural selection is evident (Dickerson, 1955) .
Relaxation of Selection
In theory, development of relaxed lines, where selection is discontinued, in concert with continuously selected lines, should provide information on whether the selected lines have 1) changed so profoundly due to selection that cessation of selection does not cause regression toward the preselection means and 2) whether genetic variation remains in the selected lines. At 6 intervals over the course of this selection experiment, randomly chosen lines were formed and selection in these lines was relaxed for 7 to 11 generations (Figures 1 and  2 ; HW relaxed lines = dotted lines; LW relaxed lines = dashed lines). To evaluate the responses to cessation of selection, slopes of regression lines for the selected lines and for their corresponding relaxed populations were analyzed for differences from zero along with comparison of relaxed with selected lines within line × sex groups for each of the intervals (Table 1) .
For HWS females and males, 4 of the 6 intervals resulted in the selected lines having slopes significantly different from zero. In most cases the corresponding relaxed lines were not different from zero and the relaxed differed significantly from the selected lines within an interval. Figures 1 and 2 indicate that the selected lines were increasing in BW8, whereas the corresponding relaxed lines plateaued. This suggests that additive and nonadditive genetic variance remained in the population throughout the span of 54 generations of selection, so that cessation of selection was accompanied by reduction in BW8 when compared with the corresponding selected line.
A different situation was apparent for LWS females and males because this selected line occasionally plateaued as phenotypic selection limits for reduced BW8 were encountered (Table 1, Figures 1 and 2 ). For line LWS there were 3 intervals where change was made in the downward direction for BW8 and 3 intervals in which the slope of LWS females and males did not differ from zero (indicating no discernible selection progress during these intervals). Differences in slope between relaxed and selected regression lines were significant in 5 of the 6 intervals for both sexes, indicating that there was still sufficient genetic variation for the relaxed lines to respond differently than the corresponding selected line for BW8. 
Historical Perspective
When this selection experiment was initiated, prevailing genetic theory postulated that response to longterm selection for a quantitative trait would continue only if additive genetic variation remained in the population or if spontaneous mutations occurred that influenced the selection criterion (Dickerson, 1955; Falconer, 1955; Hayman, 1955; Robertson, 1955) . Over the half century of continuous divergent selection, remarkable progress has been achieved in the field of genetics. A variety of new techniques and theories have been developed, resulting in an immensely greater understanding of underlying phenomena (such as epistasis and gene 1 HW = high-weight line; LW = low-weight line. Selected = difference of slope of the selected line from zero within a generation interval. Relaxed = difference of slope of the relaxed line from zero within a generation interval. RXS = difference of slope between relaxed and selected lines within a generation interval. See Figures 1 (females) and 2 (males) for graphs of mean BW8 in the selected lines and corresponding relaxed lines for the generational increments listed above.
*P < 0.05, **P < 0.01.
× gene interactions) that influence phenotypic expression of genetic architecture. The genomes of many species and of specific populations, including these lines of chickens, have been mapped. Because the selection experiment described here has been in development for more than 50 yr, evaluation of the responses to selection can now be assessed genomically. Current conclusions verify predictions from 50 generations ago in that continued response to selection has been the result of genetic variation and beneficial mutations. These conclusions from long-term selection are now corroborated by a more universal understanding of genetics in a molecular era.
